Introduction
Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by abnormal synovial hyperplasia associated with local infiltration of various inflammatory cells, which leads to cartilage and bone destruction. 1 Because the pathogenesis of RA is still unknown, at present, treatment of RA is directed against various components of the chronic inflammatory process. 2 However, there are few curable therapies for RA.
Apoptosis, particularly mediated by Fas (APO-1/CD95)/Fas ligand (FasL) system, is closely associated with the pathophysiology of RA. 3 Synovial hyperplasia, a unique feature of RA, is not limitless, and spontaneous regression has been reported. 4, 5 In addition, it has been demonstrated that proliferative synoviocytes as well as infiltrating mononuclear cells in rheumatoid synovium express Fas antigen and these cells undergo Fas-mediated apoptosis both in vivo and in vitro. [6] [7] [8] However, intractable synovial hyperplasia is often observed during the course of the disease, suggesting that Fas/FasL system may be incapable of fully eliminating cells in the proliferative rheumatoid synovium. In this regard, elimination expression and apoptosis. In addition, local injection of FADD adenovirus (Ad-FADD) eliminated synoviocytes in vivo by induction of apoptosis of proliferating human rheumatoid synovium engrafted in severe combined immunodeficiency mouse, which is the most suitable animal model of RA for the evaluation of treatment strategy in vivo. In addition, Ad-FADD-induced apoptosis was limited to cells of the synovium tissue and did not affect chondrocytes. Our results strongly suggest that FADD gene transfer can induce apoptosis of RA synoviocytes both in vitro and in vivo, suggesting that FADD gene transfer might be effective in the treatment of RA. Gene Therapy (2000) 7, 527-533.
of proliferating synoviocytes in the rheumatoid synovium by regulating the apoptotic processes seems to be a potentially effective treatment modality for RA. 9, 10 Gene therapy has proved to be an effective therapeutic modality for certain diseases, such as hereditary diseases and cancer. 11 Recent studies have shown that FADD gene transfer by adenoviral or retroviral vectors potently induced apoptosis of human malignant glioma cells. 12, 13 In these studies, Fas-associated death domain protein (FADD), binds to intracellular death domain of Fas and promotes signaling pathways of Fas-mediated apoptosis. In this regard, we have recently reported that FADD is a key signaling molecule for Fas-mediated apoptosis of synoviocytes in patients with RA, 14 suggesting that FADD gene transfer could also induce apoptosis of RA synoviocytes.
Based on these findings, we investigated here the effects of FADD gene transfer into cells of the rheumatoid synovium in vitro and in vivo using adenoviral vector, which is reported to be the most efficient vector for gene transfer into synovial cells both in vitro and in vivo. 15, 16 Our results demonstrated that transfection of FADD gene into RA synoviocytes enhanced apoptosis of these cells both in vitro and in vivo. These results suggest that FADD gene transfer might be an effective novel therapy for RA. This is the first report that proposes the application of FADD gene transfer for the treatment of RA, one of the most representative autoimmune diseases.
Results
Induction of apoptotic cell death by FADD gene transfer into cultured RA synoviocytes We first investigated cell viability and FADD expression in cultured RA synoviocytes infected with replicationdefective recombinant adenovirus containing human FADD gene (Ad-FADD). Infection of cultured RA synoviocytes with Ad-FADD resulted in the death of these cells in time-and dose-dependent manners ( Figure  1 ). Infection with Ad-FADD at multiplicities of infection (MOIs) of 100 and 200 resulted in the death of almost all cultured RA synoviocytes after 48 h culture (Figures 1  and 2c ). In contrast, untreated cultured RA synoviocytes and LacZ adenovirus (Ad-LacZ)-infected synoviocytes did not show cell death (Figure 1a and Figure 2a and b) . As shown in Figure 2d , almost all cultured RA synoviocytes infected with Ad-LacZ at a MOI of 100 expressed ␤-galactosidase (␤-gal), indicating that these cells were highly infected with the adenoviral vector. Furthermore, the expression of FADD was augmented in cultured RA synoviocytes infected with Ad-FADD but not Ad-LacZ, corresponding with the induction of cell death ( Figure  2e ). In addition, after staining with Hoechst 33258, DNA fragmentation and nuclear condensation were observed in cultured RA synoviocytes infected with Ad-FADD but not Ad-LacZ (Figure 3 ). Combined together, these results confirmed that overexpression of FADD through its gene transfer induces apoptotic cell death of cultured RA synoviocytes.
Effect of Ad-FADD injection on rheumatoid synovium engrafted in SCID-RA mice To evaluate directly the effects of FADD gene transfer on the rheumatoid synovium in vivo, we locally injected Ad-FADD into proliferating rheumatoid synovia engrafted in severe combined immunodeficiency mice (SCID-RA), a model of RA. 10, 17 The distribution of locally injected adenoviral vector was examined by the expression of ␤- Injection of Ad-FADD induces apoptosis of rheumatoid synovium engrafted in SCID-RA mice Finally, to confirm that the cell death induced by infection with Ad-FADD in the above studies was due to apoptosis, we examined the presence of DNA fragmentation in engrafted rheumatoid synovium by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) method. As shown in Figure 6 , TUNEL-positive cells were frequently observed in engrafted rheumatoid synovium injected with Ad-FADD ( Figure 6b ). Quantitative analysis showed that the percentage of TUNEL-positive cells was 39 ± 7% (mean ± s.e.m.) in engrafted synovium injected with Ad-FADD. In contrast, no such cells were observed in engrafted synovium injected with Ad-LacZ (Figure 6a ). These results confirmed that synoviocytes cell death induced by Ad-FADD was due to the induction of apoptosis.
Discussion
RA is characterized by abnormal synovial hyperplasia and in its final stages by cartilage and bone destruction. 
Microphotographs of untreated cells (a), those infected with Ad-LacZ (b) and Ad-FADD (c) for 48 h at a MOI of 100, respectively (× 100). ␤-Gal expression in cultured RA synoviocytes infected with Ad-LacZ for 48 h at a MOI of 100 (× 100) (d). Expression of FADD in cultured RA synoviocytes infected with Ad-FADD or Ad-LacZ for 12 and 24 h at a MOI of 100, respectively (e).
plasia remains the main feature of RA. Thus, it is very attractive that active induction of apoptosis might be effective in the control of RA. Using the same strategy, we have recently demonstrated that ex vivo gene transfer of FasL was also a potentially effective mode of controlling synovial hyperplasia in RA. 10 However, at present, preparation of autologous transfected cells that avoid host immune responses is difficult. Using an alternative approach, in the present study, we examined the effects of in vivo gene transfer of FADD using adenoviral vector to induce apoptosis in the rheumatoid synovium directly.
In this study, we found that overexpression of FADD through its gene transfer induced apoptosis of RA synoviocytes. FADD is identified as an adapter molecule of Fas antigen containing the death domain (DD) and death effector domain (DED). 18, 19 It can associate with cytoplasmic DD of Fas antigen under Fas stimulation, caspase-8 is then recruited to FADD, a process mediated through DED. 20, 21 After its recruitment of caspase-8 to FADD, it
Gene Therapy is activated, leading to activation of the caspase cascade, a process that results in the transmission of apoptotic signal to the nucleus. We have recently identified the specific signaling pathways of Fas-mediated apoptosis in synoviocytes. In particular, FADD/caspase-8/caspase-3/poly(ADP-ribose) polymerase pathway is essential for signal transduction of Fas-mediated apoptosis in RA synoviocytes. 14 Thus, FADD is a key molecule for Fasmediated apoptosis in RA synoviocytes. In this respect, previous studies have reported that overexpression of FADD can induce apoptosis of various cells. 12, 13, 18, 19 Interestingly, deletion mutants of FADD, which contain DED but not DD, can also induce apoptosis, suggesting that overexpression of FADD can induce apoptosis without involving the DD of Fas antigen. 18, 19 We found that overexpression of FADD induced apoptotic cell death of cultured RA synoviocytes accompanied with DNA fragmentation and nuclear condensation. In contrast, a control adenoviral vector (Ad-LacZ) failed to induce cell death of RA synoviocytes. In addition, apoptosis of cultured RA 
Microphotographs of engrafted rheumatoid synovium tissues without (a, × 200) or with cartilage tissues (b, × 200). Seven days after injection of Ad-LacZ, tissues were removed and stained with X-gal, then prepared and stained with nuclear fast red. Data are representative of three individual experiments.
synoviocytes induced by FADD gene transfer was inhibited by inhibitors of caspase-8 or caspase-3 (data not shown). These results strongly suggest that overexpression of FADD potently induced apoptosis of cultured RA synoviocytes by activating the caspase cascade independent of Fas antigen.
In the next series of experiments, we evaluated the effect of local injection of Ad-FADD on proliferating rheumatoid synovium using SCID-RA mice. This mouse is considered a suitable model of RA, because engrafted human rheumatoid synovium into SCID mice maintains the histologic components of rheumatoid synovia. 10, 17 In this system, we showed the disappearance of synoviocytes in engrafted synovia injected with Ad-FADD but not Ad-LacZ. Moreover, TUNEL-positive cells were observed only in tissues injected with Ad-FADD. These results clearly indicated that elimination of synoviocytes in the engrafted rheumatoid synovium was due to the induction of apoptosis by local injection of Ad-FADD.
Other alternative approaches of gene therapy for RA have been recently tested using ex vivo or in vivo gene transfer of several cytokine-related genes, such as interleukin-1 (IL-1) receptor antagonist and tumor necrosis factor ␣ (TNF␣) receptor. 22 Transfer of IL-1 receptor antagonist gene inhibited the inflammatory effects induced by local injection of IL-1␤. 23 Moreover, TNF␣ receptor gene transfer demonstrated an antiarthritic effect. 24 In these studies, however, long-term gene expression is required to maintain the cytokine balance in the joints. In contrast, this is not necessary in our approach since the goal of our method is the transient induction of sufficient apoptosis against cells transfected with FADD gene and thereby the elimination of synovial hyperplasia. Although the adenoviral vector cannot integrate foreign genes into the host's chromosomal DNA, this vector has a high efficiency for gene delivery not only to cultured RA synoviocytes in vitro but also those in the rheumatoid synovium in vivo as previously reported. 15, 16 Interestingly, our study showed that gene expression mediated via adenoviral vector was limited to the cells of synovium tissue, FADD gene expression not being observed in chondrocytes of the cartilage tissue in vivo. Furthermore, Ad-FADD did not induce apoptosis of chondrocytes. Therefore, adenoviral vector may be advantageous for the treatment of RA by specifically inducing apoptosis of synoviocytes, through FADD gene transfer. Furthermore, such specificity suggests that FADD gene transfer is likely to induce apoptosis of synovial cells without leading to destruction of the cartilage tissue. Thus, FADD gene transfer by adenoviral vector seems to be potentially suitable for gene therapy of RA against synovial cells.
In Gene Therapy gene transfer of FADD gene might be potentially effective for RA. Before such use is clinically feasible, however, there is a need for the development of specific gene delivery systems for proliferative synovial cells and/or development of a new adenoviral vector that does not induce adverse effects. This is an important refinement process, particularly since the adenoviral vector is known to induce adverse effects associated with cellular and humoral immune responses.
25,26

Materials and methods
Preparation of synovial cells Synovial tissues were obtained from patients with RA during arthroplasty. All patients gave informed consent. Cultured synovial cells were established according to the standard method described by our laboratory 27 and from five to 10 passages were used. Cells were cultured in Dulbecco's modified Eagle's medium (Gibco BRL, Grand Island, NY, USA) supplemented with 10% fetal calf serum (PAA laboratories, Linz, Austria) until used in the experiments.
Construction of replication-defective recombinant adenoviral vector containing FADD or LacZ gene
A recombinant adenovirus containing FADD or LacZ gene was established as described previously. 10 The 0.7 kb XhoI/HindII fragment of human FADD cDNA was ligated to the EcoRI site of pCAcc 28 to generate pCAcc-FADD. The 3.0 kb ClaI/ClaI expression cassette from pCAcc-FADD was inserted into the ClaI site of pAxcw 29 to generate pAxCA-FADD. We used LacZ adenovirus as the control vector. X-gal staining of cultured RA synoviocytes Forty-eight hours after infection with Ad-LacZ, cultured RA synoviocytes were fixed in 0.5% glutaraldehyde in PBS for 10 min at room temperature. The cells were then washed with PBS containing 1 mm MgCl 2 and incubated with a solution of 5 mm K 3 Fe(CN) 6 , 5 mm K 4 Fe(CN) 6 , 1 mm MgCl 2 and 1 mg/ml X-gal (Gibco BRL) in PBS (pH 7.8) at room temperature for 4 h.
Detection of DNA fragmentation and nuclear condensation by Hoechst 33258 staining DNA fragmentation and nuclear condensation were detected using the chromatin dye Hoechst 33258 (Wako Pure Chemical Industries, Osaka, Japan). Forty-eight hours after infection with Ad-FADD, cells were fixed for 30 min in PBS containing 1% glutaraldehyde (Wako). After fixation at room temperature, the cells were treated with 5 mg/ml Hoechst 33258 in PBS for 10 min and then examined using a fluorescence microscope (Olympus).
Immunoblot analysis
Cell lysates were prepared from RA synoviocytes at 0, 12 and 24 h after infection with Ad-FADD or Ad-LacZ at a MOI of 100. The cells (4 × 10 5 ) were harvested and centrifuged at 500 g for 5 min. Then, the pellets were lysed in a lysis buffer containing 10 mm Tris, 150 mm NaCl, 1 mm EDTA, 1% NP-40, 1 mm phenylmethylsulfonyl fluoride, 1 mm dithiothreitol, 10 g/ml of leupeptin and 10 g/ml of aprotinin. Insoluble material was removed by centrifugation at 12 000 g for 5 min and lysates were subjected to 10% polyacrylamide/sodium dodecylsulfate (SDS) gel electrophoresis before electrophoretic transfer to a nitrocellulose membrane. The membrane was blocked with 2.5% bovine serum albumin (Nacalaitesque, Kyoto, Japan) and 2.5% skim milk (Gibco BRL) in PBS and for 60 min at room temperature. After washing with PBS containing 0.1% Tween, the membrane was incubated for 60 min with specific antibodies for FADD (Transduction Laboratories, Lexington, KY, USA). After washing, the membrane was incubated for 60 min with rabbit antimouse IgG (Zymed Laboratories, San Francisco, CA, USA). After washing, the immunoreactive proteins were visualized using an enhanced chemiluminescence detection system (Amersham, Arlington Heights, IL, USA).
SCID-RA mice SCID mice engrafted with human rheumatoid synovium were prepared as described previously. 10, 17 After joint surgery, the human tissue specimen was quickly engrafted into female SCID mice aged 6 to 7 weeks. All mice were handled under specific pathogen-free conditions. Mice were anesthetized with inhalation of diethylether. A 1-cm incision was made in the middle of the back and paravertebral muscles were exteriorized. The back muscles were incised and 1 cm 3 mixture of synovium and joint cartilage cut into small pieces was mixed together and implanted. After 1 month, Ad-FADD (1 × 10 8 p.f.u.) was injected into the site containing the engrafted material. The experimental protocol was approved by the Ethics Review Committee for Animal Experimentation.
X-gal staining of synovial tissue sections Seven days after injection of Ad-LacZ into SCID-RA mice, synovial tissues including the joint cartilage were fixed in 0.5% glutaraldehyde in PBS for 1 h at room temperature. The tissues were then incubated overnight at room temperature in a solution of 5 mm K 3 Fe(CN) 6 , 5 mm K 4 Fe(CN) 6 , 2 mm MgCl 2 and 1 mg/ml X-gal in PBS (pH 7.8). After staining for ␤-galactosidase activity, tissues were post-fixed in 4% paraformaldehyde at room temperature for 4 h and decalcified in 10% EDTA solution (pH 7.4). The tissues were then embedded in paraffin, sectioned, mounted on to glass slides, and stained with nuclear fast red (Wako). Experiments were performed using SCID-RA mice engrafted with synovial tissue from three patients with RA.
Histopathological and TUNEL analyses
Seven days after injection of Ad-FADD into SCID-RA mice, synovial tissues including joint cartilage were fixed in 4% paraformaldehyde at room temperature for 4 h and decalcified in 10% EDTA solution (pH 7.4). Tissues were then embedded in paraffin, sectioned, mounted on to glass slides, and used for further experiments. For histopathological examination, sections were stained with hematoxylin and eosin (Wako) (H-E). Fragmented DNA was detected by the TUNEL method as described previously. 10 Sections were immersed in TdT buffer containing 30 mm Tris-HCl (pH 7.2), 140 mm sodium cacodylate and 1 mm cobalt chloride. TdT (Gibco BRL) and biotinylated dUTP (Sigma Chemical, St Louis, MO, USA) were added to the buffer solution. The reaction was terminated by immersing in TB buffer containing 300 mm sodium chloride and 30 mm sodium citrate. Then, sections were treated with peroxidase-labeled streptavidin and visualized by Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA). Finally, sections were stained with methylgreen (Wako). The experiments were performed using SCID-RA mice engrafted with synovial tissues from three patients with RA.
